[1] Groundwater is an important component of the hydrologic cycle, and its anomaly will result in variations of soil moisture, water, and energy balances between the land surface and atmosphere, which ultimately influence climate. In this study, we implement a groundwater model into the regional climate model RegCM3, which is called RegCM3_GW, and investigate the effects of water table dynamics on regional climate. Numerical experiments by RegCM3_GW and RegCM3 over the east Asian monsoon area show that incorporating the water table dynamics into the regional climate model reduces the systematic biases of the simulated precipitation by 38.5% and 39.8% over semiarid and humid regions, respectively, and increases the bias slightly by 5.6% over semihumid regions. To seek the reasons for the differences of simulated precipitation, we analyze the atmospheric water vapor budget and the local water cycle among the water table, soil moisture, evapotranspiration (ET), and convective precipitation. It is found that the top and root zone soil layers become wetter and enhance the bare soil evaporation but do not always increase the transpiration. Because of the variations of each ET's component, the obvious enhancements of ET occur in semiarid regions and contribute to more instable profiles of pseudoequivalent potential temperature. The atmospheric moisture budget analysis indicates that the recycling rate and precipitation efficiency increase greatly over semiarid regions, which presents a local aquifer-atmosphere feedback, while the variations of atmospheric water vapor transport control the development of precipitation over semihumid and humid regions. Therefore, the effects of water table dynamics on regional climate consist of the local aquifer-atmosphere interaction and the changes of circulation originated from ambient aquifer-atmosphere interaction, and the latter factor plays an important role in the monsoon area. Sensitivity of the results to a change in convection parameterization is also explored.
Introduction
[2] Groundwater is a crucial source of drinking water throughout the world and the primary source of freshwater besides the glacier. As an essential part of the hydrologic cycle, it is also important in sustaining streams, lakes, wetlands and aquatic communities [Alley et al., 2002] . On one hand, water table depths may be affected by climate change through altering the partitioning of regional hydrologic components such as runoff, soil moisture storage and lake levels, etc.; on the other hand, large-scale variations of shallow water table depths result in variations of horizontal and vertical distributions of soil moisture [Chen and Hu, 2004] , which are responsible for the adjustments in the fluxes of heat and moisture between the land surface and the overlying atmosphere. Such adjustments will have impact on precipitation directly through convection or indirectly through advection. In addition, studies have shown that simulated monthly to seasonal mean precipitation is sensitive to initial soil moisture over midlatitude continents because of the long-term memory of soil moisture [Schär et al., 1999; Koster et al., 2000 Koster et al., , 2003 Koster and Suarez, 2001; Georgescu et al., 2003 ], thus we can expect that incorporating water table dynamics in a climate model will increase the memory of soil and enhance the seasonal forecast skill because of the long memory of the groundwater. Therefore, understanding the feedback between aquifer and atmosphere at seasonal and interannual scales is needed .
[3] With the increasing recognition of the importance of aquifer-atmosphere interaction, dynamical representations of water table in land surface models (LSMs) have been accounted for in several studies. established a dynamic groundwater parameterization for the Variable Infiltration Capacity (VIC) model through reducing it to a moving boundary problem, and solved it by using the mass-lumped finite element method [Xie et al., 1998 [Xie et al., , 1999 . Results indicated that the bottom soil layer was wetter with the new parameterization because of the interaction between unsaturated zone and groundwater. Yang and Xie [2003] reduced the moving boundary problem described above to a fixed boundary problem through a coordinate transformation, and the computation cost for the groundwater model was reduced. Maxwell and Miller [2005] coupled the Common Land Model (CLM) with the groundwater model ParFlow, which improved the simulation of runoff and soil moisture and demonstrated the need for better groundwater representation in land surface schemes. Eltahir [2005a, 2005b] demonstrated the critical importance of the presence of shallow water table in affecting the nearsurface soil moisture and hence the hydrological processes associated with the soil wetness condition through observations and model experiment in Illinois, and discussed the effect of subgrid variability of water table depth in the grid-scale subsurface runoff. Niu et al. [2007] developed a simple groundwater model (SIMGM) by adding an underlying unconfined aquifer to a LSM's soil column, and found that SIMGM produced much wetter soil profiles globally and up to 16% more annual evapotranspiration (ET) than original LSM which used free drainage as the model's lower boundary condition. Recently, Fan et al. [2007] used a twodimensional groundwater model to construct an equilibrium water table as a result of long-term climatic and geologic forcing. Miguez-Macho et al. [2007] implemented this groundwater model into the Regional Atmosphere Modeling System (RAMS). The soil moisture simulated by the new model with a groundwater component was significantly higher in the humid river valleys and coastal regions of the eastern U.S., and in the otherwise arid intermountain valleys of the western U.S.
[4] Besides implementing groundwater component into the LSMs, water table dynamics have also been directly coupled with the atmosphere, such as Gutowski et al. [2002] and York et al. [2002] . In their studies, a single-column atmospheric model was coupled with a detailed land surface model including groundwater model, and the potential advantage of the coupling between atmosphere and aquifer was demonstrated. Recently, Anyah et al. [2008] investigated the role of water table dynamics in controlling soil moisture, ET, and precipitation by using the RAMS-Hydro over North America. They found that although including an explicit water table in a climate model did not always make a large difference in the atmospheric simulation, sometimes it did.
[5] In this study, we implement the groundwater model developed by Yang and Xie [2003] into the regional climate model RegCM3, which is named RegCM3_GW, and integrate the RegCM3_GW and RegCM3 over east Asia to investigate potential effects of water table dynamics on regional climate. We will show that including a groundwater component into a regional climate model influences its simulations of soil moisture profile and land surface fluxes, and the overlying large-scale atmospheric processes to some extent. Correspondingly, the modification of the mesoscale land-atmosphere interaction and the macroscale atmospheric processes will change the soil moisture and water table in a regional scale.
[6] The paper is organized as follows: we start by describing the regional climate model, the groundwater model, and the setup of numerical experiments in section 2. Section 3 discusses initialization of soil moisture and water table depths, and the validation of precipitation simulated by two regional climate models with or without groundwater component. The feedbacks between the aquifer and atmosphere are analyzed in section 4. The results of the study are concluded in section 5.
Model Description and Setup of Numerical Experiments

RegCM3
[7] The latest version of the regional climate model developed by the Abdus Salam International Centre for Theoretical Physics (ICTP), named the ICTP Regional Climate Model version 3 (RegCM3), is described by Pal et al. [2007] . The dynamical core of RegCM3 is based on the hydrostatic version of the fifth-generation Pennsylvania State University -National Center for Atmospheric Research (PSU-NCAR) Mesoscale Model [Grell et al., 1994] . RegCM3 has many physics packages such as the radiative transfer package [Kiehl et al., 1996] , land surface model [Dickinson et al., 1993; Giorgi et al., 2003] , planetary boundary layer scheme [Holtslag and Boville, 1993] , ocean flux parameterization ], lake model [Hostetler et al., 1993] , aerosol scheme, and dust parameterizations, etc. The formation of precipitation in RegCM3 is represented in two forms: large-scale precipitation [Pal et al., 2000] and convective precipitation (P con ). Three options are available in RegCM3 to represent cumulus convection: the Kuo scheme [Anthes et al., 1987; Giorgi, 1991] , the Grell scheme [Grell, 1993] , and the MIT-Emanuel scheme [Emanuel and Zivkovic-Rothman, 1999] . RegCM3 has been run over various regions at grid spacings ranging from 10 to 100 km and simulation periods from days to decades to study scientific problems such as future climate change, air quality, water resources, extreme events, agriculture, land cover change, and biosphere-atmosphere interactions, etc. [Pal et al., 2007] .
Groundwater Model
[8] The groundwater model used in this study is based on the parameterization established by 
where q is the volumetric soil 
Integrating the transformed Richards equation (equation (2)) over the interval (0,1), and considering the initial and boundary conditions, it yields
where E 1 is the transpiration rate from the unsaturated zone, and
Therefore, the water table dynamics according to equation (3) can be solved numerically by applying a finite element method in space and a finite difference method in time iteratively .
[10] On the basis of the parameterization described above, the groundwater model is coupled with the BiosphereAtmosphere Transfer Scheme version 1e (BATS1e), which is the land surface component of RegCM3. BATS1e has a vegetation layer, a snow layer, a surface soil layer (10 cm thick), a root zone soil layer (1 m or 1.5 m or 2 m thick), and a total soil layer (3 m thick). The soil water movement formulation of BATS1e is obtained from a multilayer soil model [Dickinson, 1984] . While in the coupled model RegCM3_GW, the soil moisture is calculated by using dynamical water table as the lower boundary.
Setup of Numerical Experiments
[11] The regional climate models RegCM3 and RegCM3_GW are used to conduct the simulations of the regional climate over east Asia during the summertime of 2000, driven by the meteorological initial and boundary conditions from the European Centre for Medium-Range Weather Forecast (ECMWF) 40 year reanalysis data sets. The Grell scheme [Grell, 1993] with Fritsch and Chappell closure [Fritsch and Chappell, 1980 ] is adopted as the cumulus convection scheme. The model domain is centered at 102°E, 36°N, with a grid size of 60 km and 120 Â 90 grid points. There are 23 vertical levels, and the model top is 50 mbar. The simulations start at 26 May 2000, and end at 31 August 2000. The first 6 days are used as the spin-up time for the atmospheric models. Table  Depths [12] Because of the availability of observed soil moisture and water table depths [Yuan et al., 2008] , the initializations of the land surface variables such as soil moisture, soil temperature and water table depths are carried out by spinning up the offline land surface model BATS_GW and the regional climate model RegCM3_GW. On the basis of the discussion of spin-up processes in the previous studies [Yang et al., 1995; Cosgrove et al., 2003] , the equilibrium of the soil moisture and water table depths can be obtained through running the land surface model by using multiyear climate forcing repeatedly. In this study, global forcing data set for 1961 -2000 with 3-hourly and T62 resolution [Qian et al., 2006] are merged with daily precipitation observations at over 700 Chinese meteorological stations, and the merged data are interpolated to the regional climate models' horizontal resolution. Then we initialize the BATS_GW with a water table depth of 4 m and run the model for 40 years from 1961 to 2000, and use the prognostic variables at the end of the run as the initial conditions for another 40-year run in each grid cell for the regional climate model. After spinning up the BATS_GW for 200 years to reach equilibrium, we run the land surface model BATS_GW from 1 January 1961 to 31 December 1999 and the regional climate model RegCM3_GW from 1 January 2000 to 25 May 2000. The final spin-up results such as water table depths, soil moisture, ground temperature, temperature of foliage and air temperature within foliage are adopted as the initial land surface conditions for the numerical experiments in this study.
Water Table Depth Initialization and Precipitation Simulation Results
Initialization of Soil Moisture and Water
[13] Figure 1 shows the spin-up results for the soil moisture in each soil layer and the water table depths, and the observed top layer soil moisture and shallow water table depths. The soil moisture observations (which are collected every 10 days) are supplied by National Satellite Meteorological Center, China Meteorological Administration. The observed shallow water table depths (which are collected every month) are compiled by Yuan et al. [2008] . The spatial pattern for the simulated soil moisture and water table depths are correlated quite well, and different water table depths reflect different climate conditions and land covers reasonably. The water tables are shallower over eastern China, which is a typical monsoon area, and deeper over northwestern China, which is a desert area. The water tables over northern China are deeper than that over southern China and northeastern China. Figures 1a and 1e show that the simulated top layer soil moisture is consistent with station observations, especially for northern China. The simulated water table depths (Figure 1d ) over northern and northeastern China agree with station observation (Figure 1f ) to some extent. In order to analyze the effects of water table dynamics on regional climate over east Asian monsoon area, we divide the east part of the study domain into four subdomains (Figure 1d ). Region 1 is located in northeastern China (42 -50°N, 115-125°E), which repre- sents medium water table depth ($3 m) and semihumid climate (hereafter referred to as MSH1 region). Region 2 is located in northern China (32 -40°N, 105-118°E), which represents deep water table depth ($4.5 m, deeper than the model's soil column) and semiarid climate (hereafter referred to as DSA2 region). Region 3 is located in the middle and lower reaches of Yangtze River (26 -32°N, 105 -118°E), which represents medium water table depth ($2.7 m) and humid climate (hereafter referred to as MHU3 region). Region 4 is located in southern China (20 -26°N, 105 -118°E), which represents shallow water table depth ($2.2 m) and humid climate (hereafter referred to as SHU4 region). In addition, we select an arid region (40 -45°N, 90 -105°E) where the water table is much deeper than the monsoon region for comparison (hereafter referred to as DAR5 region).
Simulation for Precipitation
[14] The JJA mean precipitation during the summer of 2000 simulated by RegCM3 and RegCM3_GW are compared with observations [Xie et al., 2007] , which are shown in Figure 2 . During the summer of 2000, the east Asian summer monsoon was active in the south of its normal position, the west Pacific Ocean subtropical high was in the east and north of its normal position, and the blocking high over Baikal was stable. Therefore, the main rain belt was located in the Huang-Huai river basin, and the southeast and southwest of China, while there was a drought in northern China. Figure 2 shows that the spatial distributions of total precipitation simulated by RegCM3 and RegCM3_GW agree with observations to some extent. Although neither of the models captures the main rain belt located in the Huang-Huai river basin, the RegCM3_GW alleviates this underestimation obviously. The RegCM3_GW also reduces the overestimation of precipitation over southern China as well (Figure 2d ).
[15] Figure 3 shows the simulated and observed monthly mean precipitation and daily precipitation averaged over the subdomains, and Table 1 lists the detailed statistics for the daily series. Both of the models overestimate precipitation over MSH1, SHU4 and DAR5 regions, and underestimate it over DSA2 and MHU3 regions. All of the correlation coefficients (CC) between the simulations and observations satisfy the 95% confidence level (0.205), and the highest CC for the two models occurs in DSA2 region. The RegCM3_GW has a better performance than RegCM3 over DSA2, SHU4 and DAR5 regions (Figures 3b, 3d , and 3e) with respect to the systematic error (ME). The relative variations of ME calculated by jME RegCM3 GW j À jME RegCM3 j jME RegCM3 j Â 100% over the five regions are 5.6%, À38.5%, À25%, À39.8% and À50% respectively (Table 1) . However, there are not significant improvements with respect to the mean absolute error (MAE) and the root mean squared error (RMSE).
Feedbacks Between Aquifer and Atmosphere
[16] In this section, we will analyze the physical processes that are responsible for the simulated aquifer-atmosphere feedbacks.
Effects of Water Table Dynamics on Local Land Surface Conditions
[17] To detect the underlying mechanisms of the interactions between the aquifer and atmosphere, we begin by discussing the differences of the simulated land surface variables induced by water table dynamics.
[18] The detailed differences in land surface water and energy variables averaged over the subdomains are listed in Table 2 . First of all, we analyze the differences in soil moisture and their impacts on ground evaporation and transpiration. Figure 4 shows the areal averaged daily time series of soil moisture for the top and root soil layers, total runoff and water table depths simulated by regional climate Figure 1d . Figures 3a and 3f, 3b and 3g, 3c and 3h, 3d and 3i, and 3e and 3j show the results for regions MSH1, DSA2, MHU3, SHU4 and DAR5, respectively. (Figures 4a, 4e, 4i, 4m, and 4q) . The topsoil layers become wetter over the four regions in the monsoon area, which enhance the ground evaporation. The most obvious increase in ground evaporation occurs in semiarid region ($0.124 mm d
À1
, see Table 2 ). The root zone soil layers also become wetter over the monsoon area, but only increase the transpiration over semiarid region. In fact, the soil water is the key factor in the areas where there is not enough water for the transpiration, which is parameterized as the maximum transpiration available from the vegetation in BATS1e [Dickinson et al., 1993] . However, in the areas where soil water is not the limiting factor for transpiration, such as humid areas (regions MHU3 and SHU4), the transpiration only depends on the climate and vegetation conditions such as unwetted fraction of leaf-stem area free to transpire, solar radiation, temperature, vapor pressure deficit, and wind, etc. Table 2 also shows that the increase of canopy evaporation over semiarid region is more obvious than that over humid and semihumid regions.
[19] The differences in ground evaporation, transpiration and canopy evaporation constitute the differences in ET, and the diurnal cycles of ET are shown in Figures 5a, 5e , 5i, 5m, and 5q. The largest increase of ET occurs over semiarid region ($0.433 mm d À1 ), and the maximum difference occurs around 1400 local time when the ET reaches its peak value. Although the climate model has deficiencies in capturing the broad pattern of the diurnal cycle of precipitation , we plot the diurnal cycle of P con simulated by two models for comparison (Figures 5b, 5f , 5j, 5n, and 5r). Corresponding to the difference in the diurnal cycle of ET, the largest difference in the diurnal cycle of P con also occurs in DSA2 region. But the relation between the ET and P con is very complicated. The higher ET corresponds to higher P con over DSA2 region, but in the MSH1 region, the ET decreases while P con increases. One of the possible reasons for the reduced ET and enhanced P con over MSH1 region is related to the atmospheric humidity difference (Figures 5c, 5g , 5k, 5o, and 5s). In fact, Figures 5a and 5c show that although the ET decreases slightly (À0.04 mm d À1 ), the 2-m specific humidity does increase (because of the large-scale horizontal moisture convergence), thus the air becomes wetter (0.337 g kg À1 ) and the P con increases (0.259 mm d
). Figures 5d, 5h, 5l , 5p, and 5t show that the variations of the diurnal cycle differences for surface energy components are larger over semiarid region (the mean reduction of sensible heat can reach $46 W m À2 at noon) than that over humid region. From the above analysis, it is found that the shallow water table dynamics (shallower than 8 -10 m) will make the model simulate wetter soil, higher ET and P con over semiarid region in the monsoon area. However, the water table dynamics does not have direct impact on regional climate over the arid region where water table is deep (deeper than 10 m), such as the DAR5 region in this study.
[20] The variations of land surface water and energy variables described above will influence the structure of the boundary layer. Therefore, we plot the July mean diurnal evolution of vertical profiles of pseudoequivalent potential temperature q se averaged over the subdomains in Figure 6 . The profile of pseudoequivalent potential temperature can be viewed as the most important aspect of the thermodynamic stratification, and it is directly related to convective instability. The most obvious differences of the profile for the pseudoequivalent potential temperature occur in semiarid region (Figure 6b) . The RegCM3_GW produces a larger vertical decreasing rate (@q se /@p) than the RegCM3 over DSA2 region, which contributes to higher potential for convective instability. The release of this instability is facilitated by lowering the level of free convection (the mean reduction of planetary boundary layer height is 73.9 m over DSA2 region), which is promoted by the moistening of the boundary layer.
Coupling Between the Local Aquifer-Atmosphere Interaction and the Macroscale Atmospheric Processes
[21] The differences in land surface variables and boundary structure described above can explain the effects of water table dynamics on regional climate from the local recycling aspect. However, the large-scale variations of water table will change the spatial distribution of soil moisture and surface fluxes, and consequently influence the overlying atmospheric circulation, which will redistribute the water and energy through advection. Figure 7 shows the spatial differences (RegCM3_GW minus RegCM3) in JJA mean soil moisture of root soil layer (RSW), ET, P con , 500 hPa geopotential height and 850 hPa wind. Although the RSW increase in most parts of eastern China, the ET and P con only increase obviously over semiarid region. The opposite variations of ET and P con over northeastern and southern China can be explained by the difference in circulation (Figure 7d ). There is a positive anomaly center of 500 hPa geopotential height located at northeastern China due to the advection and heating effect of condensation (the JJA mean 500 hPa air temperature simulated by RegCM3_GW is 0.5°C higher than that by RegCM3 over northeastern China), which (Figures 4a, 4e , 4i, 4m, and 4q) and root soil layer (Figures 4b, 4f , 4j, 4n, and 4r), total runoff (Figures 4c, 4g , 4k, 4o, and 4s) and water table depths (Figures 4d, 4h , 4l, 4p, and 4t) averaged over the subdomains. The soil moisture and water table depths are observed every 10 days and every month, respectively. enhances the westerly wind over the north part of the anomaly center and weaken it over the south part. The 850 hPa wind difference indicates that there is a distinct circulation anomaly along the coastline and across southern China. The changes of circulation affect the water vapor transport and result in a moisture convergence tendency over MSH1 region and a moisture divergence tendency over SHU4 region. The atmospheric moisture convergence and divergence lead to the increase and decrease of P con over MSH1 region and SHU4 region, respectively.
[22] In order to compare the effects of the macroscale atmospheric processes and mesoscale land-atmosphere interactions on the development of precipitation in details, the atmospheric moisture budgets are analyzed in each subdomain. Following the definitions given by Schär et al.
[1999], the balance equation for the atmospheric moisture can be written as
where DW (mm d À1 ) denotes the tendency of the atmospheric water content during the integration period; q in (mm d
À1
) and q out (mm d
) denote the JJA mean water flux into and out of the domain, respectively; ET b and P b are the JJA mean evapotranspiration and precipitation averaged in each domain, respectively. The q in and q out are corrected by residual water. The moisture convergence (MC = q in À q out ) calculated in each subdomain are listed in Table 3 (note that the ET b and P b are slightly different from Table 2 because of the consideration of ocean grid cells). The MC simulated by RegCM3_GW is more than that by RegCM3 (Figures 5b, 5f , 5j, 5n, and 5r, mm d À1 ), 2-m specific humidity (Figures 5c, 5g , 5k, 5o, and 5s, g kg À1 ), and differences in energy components (Figures 5d, 5h , 5l, 5p, and 5t, W m À2 ) averaged over the subdomains. SW, LW, SH, and LH in Figures 5d, 5h , 5l, 5p, and 5t denote differences in net absorbed shortwave, net longwave, sensible heat, and latent heat, respectively. Horizontal axes are local time.
over MSH1 region, which leads to more precipitation, although the ET simulated by RegCM3_GW is slightly less than that by RegCM3 over this region. The MC simulated by RegCM3_GW is less than that by RegCM3 over SHU4 region, and leads to the decrease of precipitation. Figure 8 shows the water budget calculated separately over each subdomain for RegCM3 and RegCM3_GW. Corresponding to the analysis of circulation change (Figure 7d ), the zonal moisture flux increases over MSH1 and DAR5 regions, and decreases over DSA2 and SHU4 regions, while the meridional moisture flux increases over MSH1 and DSA2 regions and decreases over SHU4 region, respectively. Specifically, the directions of the zonal moisture flux over the eastern boundary of MHU3 region are opposite for the two regional models. The incoming moisture fluxes at the southern and western boundaries of MSH1 region increase by 240% and 27% respectively, which contributes to the increase of MC from 0.15 mm d À1 to 0.44 mm d
. The incoming moisture fluxes at the southern and western boundaries of SHU4 region decrease by 18% and 20% respectively, which contributes to the decrease of MC from 6.33 mm d À1 to 5.71 mm d À1 .
[23]
We use two indices to analyze the water cycle over each subdomain. The recycling rate b is defined as the fraction of precipitation in a certain analysis domain that originates from ET within the same domain, and the precipitation efficiency c describes the fraction of water that enters the domain (either by ET or atmospheric transport) and subsequently falls as precipitation within it [Schär et al., 1999] :
[24] Table 3 shows that besides the arid region, the smallest recycling rate b and the largest precipitation efficiency c both occur over SHU4 region, which indicates the ambient flow has strong control on the development of the precipitation over this region. As the water table dynamics is considered in the regional climate model, the recycling rate and precipitation efficiency over DSA2 region increase by 15.1% and 15.3%, respectively. Further- Figure 6 . July mean diurnal evolution of vertical profiles of pseudoequivalent potential temperature q se averaged over the subdomains. Results are shown for RegCM3 (B) and RegCM3_GW (G) and for the local times 0800 (08) and 1400 (14), respectively. more, the precipitation efficiencies increase by 0.9% and 4.4% over MSH1 and MHU3 regions respectively, while decreasing by 2.1% over SHU4 region.
Sensitivity of Aquifer-Atmosphere Interactions to a Change in Convection Scheme
[25] Because all of the analyses discussed above are based on one convection scheme, the Grell scheme [Grell, 1993] with Fritsch and Chappell closure, it is important to ascertain whether the results are sensitive to the changes of convection parameterizations. Therefore, we select the Kuo scheme [Anthes et al., 1987] and carry out the same experiments described above to analyze the aquifer-atmosphere interactions.
[26] The Kuo scheme does not explicitly account for the downdraft circulation, and the precipitation is initiated when the moisture convergence in a column exceeds a given threshold and the vertical sounding is unstable, while the Grell scheme explicitly considers clouds as two steady state circulations: an updraft and a downdraft . Figure 9 shows the daily time series of differences in P con based on two cumulus convection schemes averaged over the subdomains. The standard deviations of difference series for P con based on Grell scheme are less than that based on Kuo scheme, and the percentages of the decrease of standard deviation over the four monsoon regions are 58%, 39%, 23%, and 46%, respectively. Therefore, the effects of water table dynamics on the simulated P con are stronger for the Kuo scheme than that for the Grell scheme over the monsoon area, which is similar to the results of the influences of cumulus schemes on the response of rainfall to soil moisture described by Pan et al. [1996] . Figure 10 shows that the recycling rate and precipitation efficiency for the experiments based on the Grell scheme are larger than that based on the Kuo scheme, but the variations of recycling rate and precipitation efficiency simulated by the two cumulus convection schemes are similar, though there are opposite variations of recycling rate over regions MSH1, SHU4 and DAR5 (Figure 10a ) where the variations of large-scale circulation control the feedback between the aquifer and atmosphere. Figure 10 also indicates that the simulated recycling rate and precipitation efficiency are more sensitive to the convection scheme than to the inclusion of water table dynamics, especially for the humid regions where the convection is active and model predictive skill is low. Therefore, the cumulus parameterization is still a major uncertainty for regional climate simulation, and perhaps the optimal ensemble of multiple cumulus schemes can reduce the uncertainty [Liang et al., 2007] .
[27] Although the model is sensitive to the convection scheme, the differences in soil moisture and ET's components simulated by Kuo scheme are consistent with that by Grell scheme. For example, in the Kuo scheme, the topsoil layers also become wetter over each subdomain as the water table dynamics considered, which also enhance the bare soil evaporation. And the root zone soil layers also become wetter over the four monsoon regions, but only lead to the increase of transpiration over DSA2 region.
[28] To conclude the analysis of mechanism for the aquifer-atmosphere interaction, the schematic chart is shown in Figure 11 . The interaction between the groundwater and atmosphere consists of a local water cycle and a large-scale water cycle. On one hand, the local variations of water table change the vertical profiles of soil moisture, and affect the partitioning of available energy at the ground surface into sensible and latent heat, and thus influence the heat and moisture characteristics of the boundary layer, and alter the convective instability. The changes of the boundary layer structure will affect the development of precipitation, and ultimately have impact on the soil moisture and groundwater through infiltration. This process is called the local feedback between the aquifer and atmosphere. On the other hand, large-scale variations of water table affect the horizontal distribution of soil moisture, which influences the spatial heterogeneity of land surface conditions and the large-scale circulation. The changes of circulation are responsible for the variations of atmospheric water vapor transport and the precipitable water, and finally influence the precipitation. Such process accounts for the groundwater-atmosphere interaction in a regional scale.
Conclusion
[29] In this study, we develop a coupled regional climate model RegCM3_GW with a groundwater component and investigate the effects of water table dynamics on regional climate with the model. The simulations with RegCM3_GW and RegCM3 suggest that dynamical representation of water table in a regional climate model changes the surface heat and moisture fluxes through modifying the vertical profile of soil moisture, and the differences of simulated surface fluxes result in different structures of the boundary layer and ultimately affect the convection. The cooling effect of the increased evapotranspiration (ET) on low-level atmosphere and the heating effect of the latent heat released by condensation on upper atmosphere contribute to the changes of wind field via thermal wind relation, and the local water table-induced variations of water vapor can affect the nearby places through the advection, which indicates that the feedback between groundwater and atmosphere cannot be explained by local land-atmosphere interaction alone, and hence, the macroscale atmospheric processes should be analyzed.
[30] Furthermore, we analyze the local water cycle including water table, soil moisture, ET and convective precipitation (P con ), and the atmospheric moisture budget in the selected subdomains, from simulations with two cumulus convection schemes. It is demonstrated that the topsoil layers become wetter and enhance the bare soil evaporation, the root zone soil layers also become wetter over monsoon area, but their relations with transpirations are not obvious. Atmospheric water budget analysis shows that water table dynamics increase recycling rate and precipitation efficiency greatly over semiarid regions, which is benefited from the positive feedback among the groundwater, soil moisture, ET and P con . The variances of the series for P con differences simulated by Grell convection scheme are smaller than that by Kuo convection scheme, which indicates that the effects of water table dynamics on the simulated P con are stronger for the Kuo scheme than that for the Grell scheme. Nevertheless, both of the convection Figure 11 . Schematic chart of the mechanism for the aquifer-atmosphere interaction. schemes indicate that the groundwater-atmosphere feedbacks during summer over the east Asian monsoon area are presented in a regional scale, not limited in a separate subdomain.
